Baclofen, a specific GABA B R agonist, produced opposite effects. The size of the readily releasable pool was not affected by these GABA B R modulators. The same CGP55845 actions were observed at physiological temperatures, but they were abolished after glutamate decarboxylase block with 3-mercaptopropionic acid (3-MP). These results indicate that presynaptic GABA B Rs dynamically regulate GABA release probability. SNAP-5114, a specific GABA transporter-2/3 (GAT-2/3) blocker, enhanced mIPSC frequencies, decreased PPR, and increased eIPSC amplitudes without changing eIPSC kinetics. These effects were blocked by CGP55845 and 3-MP. NO-711, a specific GAT-1 blocker, prolonged eIPSC decay and decreased eIPSC/mIPSC amplitudes. These NO-711-mediated effects were not sensitive to CGP55845 and 3-MP. We conclude that the strength of GABAergic inputs to CR cells is constrained by GABA B Rs that are persistently activated by ambient GABA. The latter is also provided by GAT-2/3 operating in the reversed mode. Presynaptic GAT-1 functions in the uptake mode and possibly provides GABA for presynaptic vesicle filling.
Introduction
The amino acid GABA is the main inhibitory neurotransmitter in the adult mammalian brain. In addition, it has a trophic role during neuronal maturation even before synapses are formed (for review, see Owens and Kriegstein, 2002; Represa and BenAri, 2005) . In the rodent neocortex, GABA is already present at embryonic day 14 (E14) (Van Eden et al., 1989) . In addition to GABA, other components of the GABA signaling system are available at early developmental stages. GABA A receptors (GABA A Rs) are expressed by precursor cells in the neocortical proliferative zone and are activated by endogenous GABA (LoTurco et al., 1995) . A pharmacological block of various GABA receptors (GABA A , GABA C , and GABA B ) influences the motility of migrating cells, suggesting that GABA receptors are functional at this developmental stage (Behar et al., 1996; Manent et al., 2005) . GABA transporters (GATs), which are suggested to accelerate GABA clearance from the extracellular space, are expressed in the marginal zone of the neocortex before birth (Minelli et al., 1995; Jursky and Nelson, 1996) . Thus, the main components of the GABA signaling system are functional early in development and may contribute to synapse and network formation.
In the neocortex, the first anatomically defined synapses have been observed in the primordial plexiform layer at E14 (Balslev et al., 1996) . The postsynaptic sites are most likely formed with the dendrites of Cajal-Retzius (CR) cells. The latter represent a major class of early-generated neurons in the marginal zone (later layer I) of the neocortex. CR cells synthesize and release reelin, a protein that plays a pivotal role in the neocortical layer formation (D'Arcangelo et al., 1995; Hirotsune et al., 1995; Rice and Curran, 2001) . Although CR cells constitute a transient population of layer I cells (Frotscher, 1998 ; for review, see Marin-Padilla, 1998) , they form synaptic connections with migrating cortical neurons (Marin-Padilla, 1998) and receive GABAergic (Kilb and Luhmann, 2001 ; Radnikow et al., 2002; Soda et al., 2003) synaptic inputs. Calcium imaging experiments revealed that CR cells con-10 mV. Cell capacitance and access resistance values were obtained by fitting a monoexponential function to the capacitance artifacts. Only recordings with a series resistance Ͻ30 M⍀ were accepted. Series resistance compensation was not applied. Cells exhibiting Ͼ20% changes in the access resistance during an experiment were discarded. The chloride reversal potential was approximately Ϫ20 mV. The holding potential was set to Ϫ70 mV.
CR cell identification. The identification of CR cells in the mouse visual cortex was described previously (Kirmse et al., 2005) . Briefly, CR cells were visually selected according to morphological criteria (Hestrin and Armstrong, 1996; Schwartz et al., 1998; Radnikow et al., 2002) : (1) location in layer I; (2) horizontal orientation; (3) large ovoid soma; and (4) one thick tapered dendrite typically extended in parallel to the pial surface. Electrophysiologically, CR cells have been shown to exhibit (1) a relatively depolarized resting potential (Mienville and Pesold, 1999) and (2) a hyperpolarization-activated inward I h current (Kilb and Luhmann, 2000) . The resting potential of visually identified CR cells was measured shortly after the establishment of whole-cell configuration, and it ranged from Ϫ40 to Ϫ60 mV. The injection of hyperpolarizing currents induced a voltage sag, indicating the presence of I h currents (data not shown).
Electrical stimulation. Evoked postsynaptic currents were elicited by focal electrical stimulation through glass pipettes filled with ACSF (ϳ10 M⍀). In this case, QX 314 [N-(2,6-dimethylphenylcarbamoylmethyl)-triethylammonium bromide; 2 mM] was added to the intracellular solution to prevent generation of action potentials in the tested neurons. An isolated stimulation unit was used to generate rectangular electrical pulses. The pulse duration was set to 0.5 ms.
The following strategy was applied when seeking for a synaptic input on CR cells. The stimulation pipette was slowly moved over layer I, and trains of stimuli (four pulses, 20 Hz, 1.5 A) were applied once per 4 s. The searching protocol was immediately terminated after an evoked IPSC (eIPSC) appearance. Next, paired-pulse stimulation [50 ms interstimulus interval (ISI)] was applied once per 10 s, and stimulus intensity was varied to achieve minimal stimulation (i.e., an activation of a single cell/axon). The reason to use paired-pulse instead of single-pulse stimulation was the high failure rate of the first eIPSC accompanied by strong paired-pulse facilitation (PPF). Simulation was accepted as minimal if the following criteria were satisfied: (1) eIPSC latency remained stable (Ͻ20% fluctuations); (2) lowering stimulus intensity by 20% resulted in a complete failure of eIPSCs; and (3) an increase in stimulus intensity by 20% changed neither mean eIPSC amplitude nor eIPSC shape. The typical pulse intensity required for minimal stimulation was between 1 and 2 A.
Analysis of postsynaptic responses. The present work relies on the assumption that IPSCs could well be approximated by the binomial model of synaptic transmission (Katz, 1969) . This model suggests that (1) there are a constant number of release sites ( N) that liberate vesicles with an average probability of p r , (2) a single vesicle produces an invariant (quantal) IPSC (q), (3) all release sites are independent, and (4) each release site liberates either a single vesicle or nothing in response to an action potential. In the frame of the binomial model, the mean eIPSC amplitude is given by the following equation:
Mean eIPSC ϭ N ϫ p r ϫ q. Two approaches were applied to estimate the quantal size. First, miniature IPSCs (mIPSCs) were recorded in the presence of tetrodotoxin (TTX; 1 M). Because mIPSC distribution was skewed to the right, the median instead of mean mIPSC amplitude was calculated for each cell and taken as a q estimate. Second, postsynaptic currents were elicited applying trains of pulses (40 stimuli) at different frequencies. The late eIPSC amplitude was defined as the mean eIPSC amplitude in response to the last 20 stimuli excluding failures and was taken as a q estimate (see also Results).
The number of release sites is difficult to measure directly. Therefore, the size of the readily releasable pool (RRP) has been used frequently as its approximate (Schneggenburger et al., 1999; Lu and Trussell, 2000; Kirischuk and Grantyn, 2003) . To estimate the RRP, we used highfrequency stimulation (20 Hz, 40 pulses; see also Results). Repetitive stimulation leads to a decrease in the eIPSC amplitudes. Assuming that the eIPSC depression is primarily caused by a transient decrease in the number of readily releasable quanta, it is possible to estimate the RRP size on the basis of the cumulative eIPSC amplitude plot (Schneggenburger et al., 1999; Lu and Trussell, 2000; Kirischuk and Grantyn, 2003) . Namely, cumulative eIPSC amplitudes were plotted versus stimulus number. After 10 -20 pulses, the cumulative eIPSCs reached a steady state, as indicated by the linear slope dependence of the cumulative eIPSC amplitude on the pulse number (see Fig. 6C ). Assuming that (1) the number of release sites remains constant throughout the experiment and (2) the linear component reflects vesicle recycling, the cumulative IPSC amplitude in the absence of pool replenishment can be estimated by backextrapolation to the start of the train. Note that RRP estimations were performed without preceding or following mIPSC measurements. Therefore, the RRP in this work has a dimension of picoamperes and represents the product of N and q. Release probability ( p r ) was calculated using the above equation, namely p r ϭ mean eIPSC/RRP.
To apply the above method, one has to measure the amplitudes of stimulus-locked eIPSCs. However, high-frequency stimulation strongly increases the frequency of asynchronous events. To discriminate between stimulus-locked and asynchronous IPSCs, IPSCs that peaked within a 3 ms interval after the end of a stimulus pulse will be referred to as stimulus-locked eIPSCs (for details, see Kirischuk et al., 2005) . To measure eIPSC amplitudes, a linear fit of the decay of the preceding IPSC was first subtracted from each event. Because spontaneous IPSC frequency was usually much lower than 0.5 Hz (see Results and Fig. 1 ), a possible contribution of spontaneous IPSCs originating from nonstimulated synaptic contacts was ignored.
Ca 2ϩ imaging. The detailed description of the method was given previously (Kirischuk and Verkhratsky, 1996) . In this study, we used Oregon Green 488 BAPTA-1 (OGB1) to measure intracellular [Ca 2ϩ ] changes. Slices were incubated in ACSF supplemented with 5 M OGB1-AM and 0.02% pluronic F-127 (Molecular Probes, Eugene, OR) for 20 min at 36°C. After loading, slices were washed twice with ACSF and stored in ACSF for at least 20 min at room temperature to ensure deesterification. For recording, slices were transferred to the experimental chamber. The excitation wavelength was controlled by a fast monochromator system, and a cooled CCD camera was used to record fluorescence signals (TILL Photonics, München, Germany). OGB1 was excited at 490 nm. The excitation and emission light was separated using a 510 nm dichroic mirror. Emitted light was filtered using a 530 nm long-pass filter. Images were acquired and evaluated using Vision 4.0 software (TILL Photonics). All measurements were performed using 4 ϫ 4 binning. The exposure time was set to 400 ms. The acquisition rate was one image per 1 s. The background fluorescence was calculated from a region in the immediate vicinity of the tested cell and subtracted. Fluorescence signals were expressed as relative changes from prestimulus levels (⌬F/F 0 ).
Superfusion. All experiments were performed at room temperature (22-25°C), unless stated otherwise (see Fig. 7 ). Low (1 mM) Ca 2ϩ -containing ACSF was prepared by equimolar replacement of Ca 2ϩ by Mg 2ϩ . In high (4 mM) Ca 2ϩ -containing ACSF, MgCl 2 was omitted and [Ca 2ϩ ] was set to 4 mM. TTX was obtained from Alomone Labs (Jerusalem, Israel). (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl](phenylmethyl)phosphinic acid (CGP55845) and SNAP-5114 were from Tocris (Bristol, UK). All other chemicals were obtained from Sigma-Aldrich (Munich, Germany).
Data evaluation and statistics. Data were evaluated off-line. eIPSCs were analyzed using TIDA 4.11 (HEKA Elektronik). PeakCount 3.2 (C. Henneberger, Berlin, Germany) was used to analyze mIPSCs. This software uses a derivative threshold-crossing algorithm to detect individual postsynaptic events. Each automatically detected event is displayed for visual inspection. The mIPSC rise time (10 -90%) and decay time constant (single exponential fit) can be also obtained. All results are presented as mean Ϯ SEM. The error bars in all figures indicate SEM. Differences between means were tested for significance using paired Student's t test, unless stated otherwise. The asterisks indicate the following: *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results

GABA B Rs contribute to cortical network excitability
Spontaneous synaptic currents were observed in the vast majority of CR cells studied. The mean frequency of spontaneous postsynaptic events was 0.08 Ϯ 0.01 Hz (range, 0.004 -0.32 Hz; n ϭ 37). In line with previous studies (Kilb and Luhmann, 2001; Soda et al., 2003) , spontaneous postsynaptic currents were insensitive to the glutamate receptor antagonists APV (50 M) and DNQX (10 M; data not shown), but they were completely and reversibly blocked by 10 M bicuculline methiodide (BMI), revealing their GABAergic nature (data not shown). Below, GABA A R-mediated postsynaptic currents will be referred to as IPSCs even though the action of GABA is depolarizing in CR cells (Mienville, 1998) .
GABA B Rs have been shown to be expressed in the developing neocortex as early as at E14 (Lopez-Bendito et al., 2002) , and their block affected the motility of migrating cells (Behar et al., 1996) . To examine whether GABA B Rs influence the activity of the immature network, we applied CGP55845, a specific GABA B R antagonist. CGP55845 (1 M) significantly increased spontaneous IPSC (sIPSC) frequency, and this effect was partially reversible (Fig. 1 A) . The corresponding values were 0.11 Ϯ 0.02 and 0.20 Ϯ 0.03 Hz in the control and in the presence of CGP55845, respectively ( p Ͻ 0.05; n ϭ 5). GABA B R block also increased mean sIPSC amplitude by 20% ( p Ͻ 0.05; n ϭ 5). Next, CR cells were bulk loaded with the Ca 2ϩ indicator OGB1, and intracellular [Ca 2ϩ ] changes were recorded using the calcium imaging technique (Fig. 1 B) . As GABA action in CR cells is depolarizing, an elevated network activity could lead to an increase in Ca 2ϩ influx. CGP55845 had no effect on the resting [Ca 2ϩ ], but it significantly enhanced the frequency of Ca 2ϩ transients in CR cells (Fig. 1C ). The respective values were 0.02 Ϯ 0.01 Hz in the control and 0.05 Ϯ 0.02 Hz in the presence of CGP55845 (n ϭ 7; p Ͻ 0.05) (Fig. 1C) . Moreover, Ca 2ϩ transients depended on GABA A R activation, because they were completely and reversibly blocked by 10 M BMI (Fig. 1C) . We conclude that GABA B Rs are functional and modulate the network activity of the postnatal neocortex.
GABA B Rs are expressed presynaptically
In principle, the CGP55845-induced increase in sIPSC frequency and amplitude may have a postsynaptic as well as presynaptic origin. If GABA B R blockers affected postsynaptic sites, for instance by decreasing a K ϩ conductance, CGP55845 would be expected to influence the holding current and/or membrane resistance. This was not the case. The mean holding current was Ϫ6 Ϯ 10 pA (range, Ϫ70 to 12 pA) and Ϫ3 Ϯ 14 pA (range, Ϫ85 to 14 pA) in the control and in the presence of CGP55845, respectively (n ϭ 11; p Ͼ 0.65). The membrane resistance was 760 Ϯ 105 M⍀ (range, 350 -1230 M⍀) and 685 Ϯ 110 M⍀ (range, 290 -1200 M⍀) in the control and in the presence of CGP55845, respectively (n ϭ 11; p Ͼ 0.1). This result supports the previous notion (Lopez-Bendito et al., 2002 ) that CR cells do not express functional GABA B Rs.
To clarify whether GABA B Rs are expressed presynaptically, mIPSCs were recorded in the presence of TTX (1 M), a specific blocker of voltage-sensitive Na ϩ channels. CR cells with reasonably high mIPSC frequencies were selected, and it was found that CGP55845 produced a significant increase in the mIPSC frequency (Fig. 2 A) . The respective values were 0.041 Ϯ 0.008 Hz in control and 0.053 Ϯ 0.007 Hz in the presence of CGP55845 (Fig.  2 B) (n ϭ 7; p Ͻ 0.05). On the other hand, CGP55845 had no effect on mIPSC kinetics (Fig. 2C ) or mIPSC amplitudes (Fig. 2D , E). The median mIPSC amplitudes were 48.3 Ϯ 8.3 pA (range, 25-82 pA) in the control and 46.6 Ϯ 8.6 pA (range, 25-89 pA) in the presence of CGP55845, respectively (n ϭ 7; p Ͼ 0.15) (Fig.  2 E) . We conclude that functional GABA B Rs are expressed presynaptically and regulate GABAergic synaptic transmission on CR cells.
GABA B R block affects the paired-pulse plasticity of GABAergic synaptic transmission
To corroborate this observation, we studied eIPSCs. First, pairedpulse stimulation with variable ISIs was applied, and the pairedpulse ratio (PPR; mean eIPSC 2 /mean eIPSC 1 ) was calculated. The intertrial interval was set to 10 s. The minimal number of trials used for PPR calculations was 40. CGP55845 considerably changed the paired-pulse behavior ( Fig. 3 A, B) . In the control, paired-pulse depression (PPD) was observed at short ISIs (10 and 25 ms), whereas PPF dominated at longer ISIs (50 -250 ms) (Fig.  3B ). In the presence of CGP55845, synaptic connections displayed mainly PPD (n ϭ 4) (Fig. 3B ).
As the maximal CGP55845 effect was observed at the ISI of 50 ms, the additional experiments were performed using this ISI (Fig. 3C ). CGP55845 drastically decreased the PPR. Under control conditions, all CR cells tested at this ISI exhibited PPF (mean PPR, 1.8 Ϯ 0.2). Application of CGP55845 diminished the PPR to 0.91 Ϯ 0.14 ( p Ͻ 0.01; n ϭ 9) (Fig. 3C,D) . The PPR decrease was associated with an increase in the amplitude of the first eIPSCs ( Fig. 3E ) and a decrease in the mean failure rate (Fig. 3F ) . The respective values were 75 Ϯ 13 and 128 Ϯ 21 pA for eIPSC amplitude ( p Ͻ 0.01; n ϭ 9) and 0.28 Ϯ 0.05 and 0.09 Ϯ 0.03 for the failure rate ( p Ͻ 0.001; n ϭ 9) in the control and in the presence of CGP55845, respectively. These results support the conclusion that GABA B Rs are located presynaptically.
GABA B R block facilitates the frequencydependent depression of eIPSCs Next, we investigated the frequency dependence of GABA B R-mediated modulation of eIPSCs. Postsynaptic currents were elicited by trains of 40 pulses at four different stimulation frequencies ranging from 1 to 20 Hz. Only 5-10 trials were performed at each stimulation frequency, to prevent potential frequency-dependent modification of synaptic strength. The intertrial interval was set to 1 min. The amplitudes of eIPSCs usually reached a steady state after 10 -15 pulses. Therefore, the mean amplitude of eIPSCs was calculated using the eIPSC amplitudes in response to the last 20 pulses of each train, excluding failures (late eIPSCs) (Fig. 4 A) . To allow for comparison, the mean late eIPSCs were normalized to the mean amplitude of the first eIPSC recorded at 1 Hz. A frequency-dependent depression of eIPSC amplitude was observed under all conditions (Fig. 4 B) . Even at 1 Hz, the normalized late eIPSC amplitude was 0.78 Ϯ 0.06 ( p Ͻ 0.05; n ϭ 6; one-population StudentЈs t test). Next, the late eIPSC amplitudes in CGP55845 were normalized to the controls. Figure 4C shows that at low frequencies (Ͻ20 Hz), CGP55845 significantly reduced the late eIPSC amplitudes (minimal p Ͻ 0.05; n ϭ 5-10; one-population StudentЈs t test). These data show that activation of presynaptic GABA B Rs reduces the frequencydependent depression of GABAergic synaptic inputs to CR cells.
GABA B Rs control the release probability but not the size of the RRP of presynaptic vesicles GABA B Rs belong to the family of G-protein-coupled receptors, activation of which can modulate adenylyl cyclase activity. Intracellular cAMP may, in turn, have an effect on transmitter release probability (Kaneko and Takahashi, 2004; Thakur et al., 2004) , the number of primed vesicles [RRP (Nagy et al., 2004; Thakur et al., 2004) ], and/or the rate of new vesicle recruitment (Sakaba and Neher, 2003; Kidokoro et al., 2004) . We have tried to separate the above parameters by using the binomial model of synaptic transmission. In the frame of the binomial model, the mean eIPSC amplitude is the product of the number of release sites ( N), the mean release probability ( p r ), and the mean quantal size (q): eIPSC 1 ϭ N ϫ p r ϫ q. GABA B R block has been shown not to affect the quantal size (Fig. 2 E) . To estimate the size of the RRP, we applied high-frequency stimulation (Fig. 5A) . The latter results in depletion of the presynaptic vesicle pool, and the cumulative eIPSC amplitude plot provides the basis for RRP estimation (see Materials and Methods) (Schneggenburger et al., 1999; Kirischuk and Grantyn, 2003) . A train of 40 pulses delivered at 20 Hz was selected as a standard stimulation protocol for two rea- sons. First, during 20 Hz trains, the mean late eIPSC amplitude (41 Ϯ 12 pA; n ϭ 9) was close to the median mIPSC amplitude observed in this preparation (48 Ϯ 8 pA) (Fig. 2 E) . These data favor the suggestion that the RRP is depleted after ϳ20 pulses and the rate of new vesicle recruitment rather than stimulation frequency determines the late eIPSC amplitudes. Consequently, the latter approaches the amplitude of quantal events. Second, the late eIPSC amplitudes were similar in the control and in the presence of CGP55845 (41 Ϯ 12 and 40 Ϯ 9; n ϭ 9; p Ͼ 0.7; data not shown), which is in line with the observation that CGP55845 does not affect mIPSC amplitude (Fig. 2 E) . Figure 5 , B and C, shows that GABA B R block failed to affect the RRP size (533 Ϯ 72 and 536 Ϯ 77 pA in the control and in the presence of CGP55845, respectively; p Ͼ 0.8; n ϭ 9). In contrast, the mean release probability ( p r ϭ mean eIPSC 1 / RRP) significantly increased in the presence of CGP55845. The respective p r values were 0.11 Ϯ 0.01 and 0.27 Ϯ 0.03 in the control and in the presence of CGP55845 (Fig. 5D ) ( p Ͻ 0.001; n ϭ 9).
We then investigated whether GAB-A B R blockade influences RRP replenishment. A test pulse was applied at different time intervals (1 and 3 s) after termination of 20 Hz stimulation (Fig. 5A) . The mean amplitudes of test eIPSCs were normalized to the mean amplitudes of the first eIPSCs in the trains. No difference was observed at both intervals (minimal p Ͼ 0.3; n ϭ 9) (Fig. 5E ). Next, we inspected whether CGP55845 changed the steady-state tetanic current (i.e., mean postsynaptic current measured over the last 20 pulses). Its amplitude is dependent on the number of release sites, the quantal amplitude, and the frequency of vesicle liberation at any given release site. The first two parameters were not modified by CGP55845 (Figs. 2 E, 5C ). Therefore, a change in the steady-state current could be attributed to a change in the vesicle recruitment/ release rate. We found that the steady-state tetanic postsynaptic current was not affected by CGP55845 (107 Ϯ 9% of the control value; n ϭ 9; p Ͼ 0.5; one-population Student's t test; data not shown), suggesting that presynaptic GABA B Rs do not influence the rate of vesicle recruitment. We conclude that presynaptic GABA B R blockade mainly affects the GABA release probability.
Presynaptic GABA B Rs are partially activated by ambient GABA The observation that CGP55845, a GABA B R blocker, increased the probability of GABA release suggests that GABA B Rs are, at least partially, activated under control conditions. To examine the degree of GABA B R activation, we aimed at maximal activation of GABA B Rs by applying baclofen, a specific GABA B R agonist. Like CGP55845, baclofen (10 M) influenced neither the holding current nor the membrane resistance (data not shown). However, baclofen drastically decreased the eIPSC amplitude, and this effect was reverted by CGP55845 (Fig. 6 A) . Activation/ block of GABA B Rs significantly altered the PPR (Fig. 6 B, C) , the failure rate (Fig. 6 D) , and the eIPSC amplitude (Fig. 6 E) , but it did not change the RRP size (Fig. 6 F) . Calculated release probabilities were 0.07 Ϯ 0.02, 0.17 Ϯ 0.02, and 0.31 Ϯ 0.07 in the presence of baclofen, in the control, and in the presence of CGP55845, respectively (n ϭ 5) (Fig. 6G) . These data suggest that under control conditions, GABA B Rs are only partially activated by ambient GABA. Consequently, changes in extracellular GABA concentration can dynamically alter the strength of GABAergic synapses on CR cells.
To examine whether synaptically released GABA can vary the degree of GABA B R activation, we investigated the relationship between the first and the second eIPSC in individual pairs. If the degree of presynaptic GABA B R activation were altered by synaptically released GABA, a larger eIPSC 1 should be followed by a smaller eIPSC 2 (i.e., their amplitudes should demonstrate a negative correlation). Indeed, even despite a small number of trials, a negative correlation was observed in 9 of 14 cells tested (Fig.  6 H) . However, the observed negative correlation between eIPSC 1 and eIPSC 2 could also reflect the depletion of the RRP: the larger is the first IPSC; the smaller number of vesicles remains available for the following release. If this were the case, CGP55845-induced increase in GABA release probability (Fig. 6G) should result in a stronger RRP depletion and make the above correlation more pronounced. If GABA B R activation contributed to the observed eIPSC 1 -eIPSC 2 relationship, CGP55845 should attenuate the negative correlation between eIPSC 1 and eIPSC 2 . GABA B R block weakened this relationship (Fig. 6 I) . In the presence of CGP55845, a statistically significant correlation between eIPSC 1 and eIPSC 2 was observed only in 2 of 14 cells tested. We conclude that synaptically released GABA can modify the degree of GABA B R activation and affect the following GABA release. 
Presynaptic GABA B Rs are tonically activated at near physiological temperatures
Because GABA metabolism is temperature dependent, we examined whether CGP55845 affects GABAergic transmission at 34°C, which is much closer to physiological temperatures. The higher temperatures led to an acceleration of eIPSC decay from 23 Ϯ 1 ms (n ϭ 34) at room temperatures to 16 Ϯ 3 ms at 34°C (n ϭ 9; p Ͻ 0.01; unpaired Student's t test). However, the CGP55845 effects on GABAergic synaptic transmission were similar to those at room temperature. The PPR was reduced from 1.34 Ϯ 0.12 in the control to 0.97 Ϯ 0.06 in the presence of CGP55845 ( p Ͻ 0.01; n ϭ 7) (Fig. 7 A, B) . The calculated release probabilities were 0.15 Ϯ 0.01 and 0.22 Ϯ 0.01 in the control and in the presence of CGP55845 (n ϭ 7; p Ͻ 0.01) (Fig. 7B) . These data suggest that tonic activation of presynaptic GABA B Rs is also present at near physiological temperatures. 
Inhibition of GABA synthesis abolished tonic activation of presynaptic GABA B Rs
Next, we investigated whether blockade of GABA synthesis has an effect on the GABA B R-mediated presynaptic inhibition. Glutamate decarboxylase (GAD) was suppressed by 3-mercaptopropionic acid (3-MP). Extracellular GABA concentration has been shown to decrease after 3-MP (1 mM) treatment for 1 h (Golan et al., 1996) . Therefore, slices were preincubated in ACSF supplemented with 1 mM 3-MP for Ͼ1 h. During the recordings, ACSF contained 100 M 3-MP. GAD blockade increased the mIPSC frequency (0.07 Ϯ 0.02, n ϭ 5, vs 0.04 Ϯ 0.01 in the control, n ϭ 7; p Ͻ 0.05) without affecting the mIPSC amplitudes (42 Ϯ 5 pA, n ϭ 5, vs 48 Ϯ 3 pA in the control, n ϭ 7; p Ͼ 0.2; unpaired Student's t test; data not shown). In addition, PPR observed in the presence of 3-MP (0.91 Ϯ 0.06; n ϭ 19) was significantly smaller than the control value (1.5 Ϯ 0.1; n ϭ 29; p Ͻ 0.001; unpaired Student's t test). Moreover, in the presence of 3-MP, CGP55845 failed to affect the PPR (0.86 Ϯ 0.06 vs 0.87 Ϯ 0.09; p Ͼ 0.8) (Fig. 7C,D) and GABA release probability (0.29 Ϯ 0.02 vs 0.32 Ϯ 0.02; n ϭ 6; p Ͼ 0.2) (Fig. 7D) . The calculated GABA release probabilities were not significantly different from the controls observed in the standard ACSF supplemented with CGP55845 ( Fig. 5D ) (0.27 Ϯ 0.03; n ϭ 9; p Ͼ 0.4; unpaired Student's t test). This suggests that an inhibitory action of extracellular GABA is influenced by the GAD-dependent GABA synthesis and release.
GABA released via GAT-2/3 partially mediates tonic activation of GABA B Rs
The extracellular GABA level is mainly regulated by specific, high-affinity, Na ϩ /Cl Ϫ -dependent transporters. The high intracellular chloride concentration of immature neurons may potentially have the consequence that GAT functions in the reversed mode (i.e., it releases GABA) (Schwartz, 1987; Taylor and Gordon-Weeks, 1991) . Although four distinct GABA transporters have been identified, two of them, GAT-1 and GAT-3, have been shown to be expressed in the marginal zone (Minelli et al., 1995 (Minelli et al., , 1996 . GAT-3 expression is strong at birth and further increases during the first week of life (Minelli et al., 2003b) . Because GAT-3 is not confined to the vicinity of GABAergic synapses, it is assumed to play a dominant role in controlling extracellular GABA concentration in the developing cortex (Jursky and Nelson, 1996; Minelli et al., 1996) . To examine whether GAT-3 affects GABAergic transmission in layer I, we used SNAP-5114, a specific GAT-2/3 blocker. First, mIPSCs were recorded in the presence of 1 M TTX. If GAT-2/3 released GABA, its block should attenuate GABA B R-mediated presynaptic inhibition and lead to an increase in mIPSC frequency. Indeed, SNAP-5114 (40 M) increased mIPSC frequency to 144 Ϯ 5% of the control ( p Ͻ 0.05; n ϭ 7; one-population Student's t test) (Fig. 8 A, B) without any significant effect on mIPSC amplitude (103 Ϯ 5%; p Ͼ 0.3; n ϭ 7) (Fig. 8 B) and kinetics. SNAP-5114 also increased eIPSC amplitudes to 148 Ϯ 12% of the control ( p Ͻ 0.01; n ϭ 11; one-population Student's t test) (Fig. 8C,D) and decreased the PPR from 1.35 Ϯ 0.18 to 0.98 Ϯ 0.07 ( p Ͻ 0.01; n ϭ 6) (Fig.  8 D, E) . Thus, the observed SNAP-5114 effects were quite similar to those of GABA B R blockade with CGP55845 (Figs. 2, 3) , suggesting that GAT-2/3 could function in the reversed mode releasing GABA. Application of CGP55845 in the presence of SNAP-5114 led to an additional increase in eIPSC amplitude and a decrease in the PPR to 0.86 Ϯ 0.05 (Fig. 8 E) . These data suggest that tonic GABA B R-mediated inhibition is only partially determined by GAT-2/3 activity. If the observed strengthening of GABA B R-mediated inhibition is the only result of GAT-2/3 blockade, then CGP55845 should make SNAP-5114 ineffective. Indeed, SNAP failed to change both eIPSC amplitudes (102 Ϯ 5%) and the PPR (101 Ϯ 4%; n ϭ 5; p Ͼ 0.6; one-population Student's t test) in the presence of CGP55845 (Fig. 8F,G) . Because the GAT operation mode depends on the intracellular/extracellular GABA concentration (Richerson and Wu, 2003) , we inspected whether SNAP-5114 influences GABAergic synaptic transmission when the total amount of GABA is lower. Indeed, when GAD activity was suppressed with 3-MP, SNAP did not significantly change eIPSC amplitudes (110 Ϯ 9%; p Ͼ 0.25) or the PPR (97 Ϯ 9%; p Ͼ 0.7; n ϭ 5; one-population Student's t test) (Fig. 8G) . Based on the above results, we conclude that GAT-2/3 operates in the reversed mode releasing GABA. The latter activates presynaptic GABA B Rs, thereby inhibiting synaptic GABA release.
The quantal amplitude depends on GAT-1 activity Because GAT-2/3 blockade did not completely abolish GABA B Rmediated inhibition of GABA release (Fig. 8 E) , we asked whether GAT-1 also contributes to the phenomenon. Similar to GAT-2/3, GAT-1 is expressed in neocortical layer I before birth, but in contrast to GAT-2/3, GAT-1 is abundant in presynaptic GABAergic terminals (Minelli et al., 1995; Conti et al., 2004) . Therefore, based on the morphological data, GAT-1 seems to be a good candidate to control GABAergic synaptic transmission. To verify the suggestion, we applied NO-711, a specific GAT-1 blocker. First, mIPSCs were recorded in the presence of 1 M TTX. In contrast to GAT-2/3 blockade, NO-711 (10 M) decreased the mIPSC frequency to 77 Ϯ 6% of the control ( p Ͻ 0.05; n ϭ 7; one-population Student's t test) (Fig. 9 A, C) , but it did not affect mIPSC kinetics (Fig. 9C) . This result supports the idea that GAT-1 operates in the uptake mode and its block results in an increase in extracellular GABA concentration and strengthening of GABA B R-mediated inhibition. Unexpectedly, GAT-1 blockade led to a decrease in the median mIPSC amplitude in six of seven cells tested. On average, the mIPSC amplitude was decreased to 75 Ϯ 11% of the control ( p Ͻ 0.01; n ϭ 7; onepopulation Student's t test) (Fig. 9A-C) . NO-711 did not produce an inward current (n ϭ 7) (Fig. 9D) or a change in the membrane resistance. Therefore, an attenuation of mIPSCs attributable to postsynaptic shunting seems unlikely. Next, we applied high-frequency (20 Hz, 40 pulses) stimulation to examine whether NO-711 affected the late eIPSC amplitudes. Indeed, both the RRP size (70 Ϯ 8%; p Ͻ 0.05; n ϭ 7) and the late eIPSC amplitudes (74 Ϯ 6% of the control; p Ͻ 0.01; n ϭ 7; onepopulation Student's t test) were significantly lowered by NO-711 (data not shown). We conclude that GAT-1 block reduces the quantal amplitude. The observed decrease in the mIPSC frequency may therefore reflect a stronger activation of GABA B Rs, or reduced detection of small mIPSCs, or both.
To investigate the possibilities, we recorded eIPSCs. NO-711 (10 M) decreased the eIPSC amplitudes to 65 Ϯ 4% of the control ( p Ͻ 0.001; n ϭ 9; one-population Student's t test) (Fig.  9 E, F ) . In addition, NO-711 significantly increased the eIPSC decay time constant to 110 Ϯ 3% ( p Ͻ 0.01; n ϭ 9; onepopulation Student's t test) (Fig. 9E) . The NO-711 effects on eIPSCs were partially reversible. After a 30 min washout, the eIPSC amplitude and decay time constant were 87 Ϯ 4 and 103 Ϯ 5% of the controls (n ϭ 3) (data not shown). Another GAT-1 blocker, SKF89976A, produced effects similar to those of NO-711. SKF89976A (10 M) decreased the eIPSC amplitudes to 73 Ϯ 5% and prolonged the eIPSC decay time constant to 107 Ϯ 3% (n ϭ 3; data not shown). If GAT-1 took up GABA, its block should lead to an increase in the extracellular GABA concentration, stronger activation of presynaptic GABA B Rs, and a decrease in eIPSC amplitudes. This was indeed observed. However, if this were the only effect of GAT-1 blockade, one should also expect an increase in the PPR (similar to the action of baclofen) (Fig.  6 B, C) . Contrary to this expectation, NO-711 significantly decreased the PPR from 1.4 Ϯ 0.2 to 0.9 Ϯ 0.2 ( p Ͻ 0.05; n ϭ 9) (Fig. 9 F, G) . Coapplication of CGP55845 increased the first eIPSC amplitude only to the control value (96 Ϯ 9% of the eIPSC amplitude recorded in the control; p Ͼ 0.5; one-population Student's t test) and resulted in a further decrease in the PPR to 0.58 Ϯ 0.07 (n ϭ 5) (Fig. 9F,G) . To investigate this unexpected NO-711 effect, CGP55845 was added before NO-711. In this case, NO-711 failed to change the PPR (0.59 Ϯ 8 and 0.58 Ϯ 9 in the presence of CGP55845 and CGP55845 plus NO-711; n ϭ 5; p Ͼ 0.6) but still reduced eIPSC amplitudes to 69 Ϯ 5% ( p Ͻ 0.01; n ϭ 5; one-population Student's t test) (Fig. 9H) . Thus, although the discrepancy between NO-711-and baclofen-induced PPR changes requires additional investigations, it can be concluded that the NO-711-induced PPR decrease is mediated via GABA B Rs.
The NO-711-induced reduction in the quantal amplitude, however, seems to be GABA B R independent. This effect may have a postsynaptic [e.g., desensitization of GABA A Rs (Overstreet et al., 2000) ] as well as a presynaptic [e.g., decreased vesicle filling (Zhou et al., 2000; Engel et al., 2001) ] origin. If the number of postsynaptic GABA A Rs available for synaptic transmission were dynamically regulated by extracellular GABA concentration, then varying the latter should affect the quantal amplitude. However, both the 3-MP-and SNAP-5114-induced decrease in [GABA] , as reported by the weakening of GABA B R-mediated inhibition, failed to change mIPSC amplitudes (Fig. 8 A, B) . To corroborate the idea, we modulated synaptic GABA release by using various (namely 1, 2, and 4 mM) extracellular Ca 2ϩ concentrations ([Ca 2ϩ ]). The eIPSC amplitudes and the PPR were dependent on [Ca 2ϩ ] both in the absence and in the presence of CGP55845 (Fig. 10 A, B) . Elevated [Ca 2ϩ ] also led to an increase in the frequency of mIPSCs from 0.10 Ϯ 0.06 Hz in control to 0.18 Ϯ 0.07 ( p Ͻ 0.05; n ϭ 5; data not shown). These results confirm that high [Ca 2ϩ ] increased the probability of GABA release and can potentially result in an increase in the extracellular GABA level. However, the median mIPSC amplitudes were not significantly different. The respective values were 41 Ϯ 7 and 47 Ϯ 5 pA in 2 and 4 mM [Ca 2ϩ ], respectively ( p Ͼ 0.5; n ϭ 5) (Fig. 10C ). This result shows that an increase in spontaneous GABA release does not influence the quantal amplitude. We asked then whether a prolonged presence of GABA in the synaptic cleft can result in a decrease in quantal amplitudes. To test the hypothesis, we applied high-frequency stimulation and measured the late eIPSC amplitudes. The mean amplitude of late eIPSCs was independent of extracellular [Ca 2ϩ ] (Fig. 10 D) . When normalized to the late eIPSC amplitude obtained in 2 mM [Ca 2ϩ ], the corresponding values were 101 Ϯ 7 and 96 Ϯ 10% in 1 and 4 mM extracellular [Ca 2ϩ ], respectively ( p Ͼ 0.5; n ϭ 6; one-population Student's t test). Further potentiation of GABA release by applying CGP55845 also failed to change the late eIPSC amplitude [39 Ϯ 3 pA in the control (4 mM [Ca 2ϩ ] in this case) and 38 Ϯ 2 pA in the presence of CGP55845; p Ͼ 0.7; n ϭ 6] (Fig.  10 D) . Thus, both reduction in extracellular [GABA] and potentiation of synaptic GABA release failed to change mIPSC amplitude, when GAT-1 was intact.
It is, however, possible that synaptically located GAT-1 creates a specific environment in the synaptic cleft preserving postsynaptic GABA A Rs from detecting extracellular [GABA] changes. If this were the case, a decrease in [GABA] should, at least, weaken the effect of GAT-1 block. As expected, in the presence of 3-MP, NO-711 failed to affect the PPR (0.85 Ϯ 11 vs 0.89 Ϯ 8; n ϭ 7; p Ͼ 0.5) (Fig. 10 E, F ) . However, it reduced the eIPSC amplitudes to 78 Ϯ 11% ( p Ͻ 0.05; n ϭ 7; one-population Student's t test) (Fig.  10 E) . The latter was not significantly different from the NO-711- induced eIPSC reduction in the absence of 3-MP (65 Ϯ 4%; p Ͼ 0.3; n ϭ 9; unpaired Student's t test) (Fig. 9C) . These results favor a presynaptic origin of the NO-711-induced reduction in mIPSC/ eIPSC amplitudes.
Discussion
Based on patch-clamp recordings of GABAergic synaptic currents from CR cells, we report the following results: (1) the strength of GABAergic synaptic transmission is dynamically regulated by the extracellular GABA concentration; (2) ambient GABA governs the level of presynaptic GABA B R activation and, in turn, controls the probability of GABA release; (3) GAT-2/3 operating in the reversed mode enhances the GABA B R-mediated suppression of GABA release; and (4) presynaptically located GAT-1 in the forward mode and its blockade influences the quantal IPSC amplitude. In the present study, bicuculline-sensitive IPSCs were the only kind of postsynaptic currents encountered. Typically, sIPSC and mIPSC frequency was low (in most cases, Ͻ0.1 Hz). Such a low rate of sIPSCs/mIPSCs could be attributed to a small number of synapses (Konig and Marty, 1981; Derer and Derer, 1990 ). However, electron microscopy studies revealed a large number of GABA-immunoreactive synaptic contacts on the somata and proximal dendrites of CR cells (Radnikow et al., 2002) . Immunostaining of the vesicular GABA transporter (VGAT) is intense in layer I at P0 -P10 (Minelli et al., 2003a) . VGAT-positive puncta are exclusively associated to axonal swellings of the symmetric type and also display GABA immunoreactivity (Minelli et al., 2003a) . These data suggest that GABAergic terminals are present on CR cells already at birth and they appear to be sufficiently mature.
Functional properties of GABAergic inputs to CR cells
Another possibility to explain the low level of spontaneous GABA release at CR cells is that presynaptic vesicles are not "ready" for release. Indeed, rapid rundown of eIPSCs and little variation of eIPSC amplitudes have been reported previously (Radnikow et al., 2002) . We applied high-frequency stimulation to estimate the size of the RRP. When normalized to the mean amplitude of late eIPSCs, the mean RRP size was 13 Ϯ 4 vesicles (range, 4 -29; n ϭ 32). This is comparable with the mean RRP size at GABAergic synapses in the superior colliculus [24 ] and the cerebellum [10 -15 (Saitow et al., 2005) ]. However, mIPSC frequencies observed both in the superior colliculus [0.1 Hz (Juttner et al., 2001) ] and the cerebellum [10 Hz (Saitow et al., 2005) ] were much higher than in CR cells. Dendritic filtering of postsynaptic currents could also attenuate the mIPSC amplitudes below the patch-clamp detection threshold. However, the somatic or proximal dendritic location of GABAergic contacts (Radnikow et al., 2002) in combination with the high membrane resistance of CR cells (Kilb and Luhmann, 2001 ; present work) argues against this suggestion. Alternatively, the rare occurrence of spontaneous events could result from low release probability of GABA-containing vesicles. Indeed, the release probability of GABAergic synapses on CR cells was lower (0.11) (Fig. 6 E) than in other GABAergic synapses of similar age, including those in the superior colliculus (0.25) . However, block of GABA B Rs elevated p r to about the level observed in other structures (0.27) (Fig.  6 E) . This result supports the hypothesis that the low release probability of GABAergic terminals on CR cells is the consequence of GABA B R-mediated inhibition of release rather than immaturity of the release apparatus.
GABA B R-mediated inhibition of GABA release
In the rat neocortex, both R1 and R2 subunits of GABA B Rs are present as early as E14. Because heterodimerization of both R1 and R2 subunits is required for GABA B R formation (White et al., 1998) , CR cells have been suggested not to express functional GABA B Rs, because they only contain the R1 subunit (LopezBendito et al., 2002) . In this study, (1) neither baclofen nor CGP55845 induced a current and/or a change of the membrane resistance in CR cells and (2) mIPSC kinetics, mIPSC amplitude distribution, and median mIPSC amplitude were not affected by CGP55845 (Fig. 2C-E) . These results are in line with the above suggestion that CR cells do not have functional GABA B Rs.
On the other hand, eIPSC amplitudes and PPRs were significantly altered by pharmacological block or stimulation of GAB-A B Rs (Fig. 6 B) . These data suggest that GABA B Rs are present on GABAergic terminals contacting CR cells. Interestingly, both at room and near physiological temperatures, GABA B Rs appeared to be persistently active already under control conditions. Tonic 
